A-to-I editing of mRNA catalyzed by Adenosine Deaminases Acting on RNA (ADAR) is considered to be unique to animals. 1, 2 In humans, over 1.4 million of A-to-I editing sites have been identified but only approximately 100 of them result in amino acid changes. 3 In general, biological functions of mRNA editing in animals remains poorly understood because majority of editing events occur in the non-coding regions. 4 To date, Ato-I editing of ion channels and neurotransmitter receptors are among the best-studied ADAR-mediated recoding events. 5, 6 Nevertheless, defects in A-to-I editing have been associated with human diseases, such as Dyschromatosis symmetrica hereditaria (DSH) caused by mutations in human ADAR1. [7] [8] [9] Like plants, fungi have no predicted genes that encode proteins with both adenine deaminase domain and dsRNA binding domain, the hallmark of metazoan ADARs. 1, 10 However, the 2 tandem stop codons UA 1831 GUA 1834 G in the kinase domain of the PUK1 gene were found to be edited to UG 1831 GUG 1834 G specifically during sexual reproduction in Fusarium graminearum, a causal agent of Fusarium head blight (FHB) of wheat and barley in the US and many other countries.
11,12 F. graminearum is a haploid ascomycete that produces perithecia (sexual fruiting bodies) and ascospores (sexual spores) on infected plant debris. Ascospores are forcefully released from perithecia and function as the primary inoculum for FHB. Genome-wide analysis with strand-specific RNA-seq data generated with RNA isolated from perithecia identified 26,056 A-to-I editing sites. 13 In RNA samples isolated from conidia (asexual spores) and vegetative hyphae, no A-to-I editing sites were identified. 13 The average editing level is 14.8% in F. graminearum, which is similar to that of animals. 14, 15 However, genes that are functionally related to sexual reproduction or up-regulated during sexual reproduction tend to have editing sites with higher editing levels in fungi. The PUK1 kinase gene is essential for ascospore release and over 90% of its transcripts have both A 1831 and A 1834 edited to I in perithecia. Stage-specific RNA editing also occurs during sexual reproduction in F. verticillioides. 13 Analysis with published RNA-seq data 16, 17 showed that genome-wide A-to-I RNA editing also occurs in the model filamentous fungus Neurospora crassa 13 and its closely related species N. tetrasperma. However, because these published RNA-seq data of F. verticillioides and Neurospora species were un-stranded and generated from early sequencing platforms with short single end reads, they had high error rate and were not suitable for systematic identification of A-to-I editing sites. Recently, we generated strand-specific RNA-seq data of N. crassa. Our preliminary analysis showed that N. crassa has over 40,000 A-to-I editing events specifically occurred during sexual reproduction (our unpublished data). Therefore, sexual stage-specific A-to-I RNA editing likely is a common phenomenon in Sordariomycetes. Nevertheless, it will be important to determine the range of ascomycetes with stage-specific RNA editing when suitable RNA-seq data become available for other filamentous fungi. The budding yeast Saccharomyces cerevisiae and fission yeast Schizosaccharomyces pombe lack A-to-I editing.
Majority of fungal RNA editing sites are in the CDSs and result in amino acid changes
In humans and many other animals, A-to-I editing mainly occurs in the introns, 5 0 -UTRs, and 3 0 -UTRs. 15, [18] [19] [20] In contrast, 70.5% of A-to-I editing sites in F. graminearum occur in the coding regions (CDSs) and over 2-thirds of them result in amino acid changes. 13 A total of 4,594 genes have at least one missense editing event during sexual reproduction. Because missense editing sites tend to have higher editing levels than synonymous editing sites and 76.2% of missense editing events cause changes to amino acids of different physicochemical properties, 13 it is likely that A-to-I editing is important for adaptation and diversification protein functions during sexual reproduction in F. graminearum.
Although no nonsense editing was identified in F. graminearum, 503 genes had editing events occurred at the stop codon. Whereas 323 of them had the stop loss editing events that result in additional amino acid residues being added to the C-terminus, 69 genes had the UAG to UGG editing in CDSs that is necessary to encode full-length proteins in perithecia. Most of these genes were specifically expressed or upregulated during sexual reproduction. In N. crassa, like in F. graminearum, majority of the editing events are in the CDSs and cause missense or stop loss changes.
Sequence preference of fungal RNA editing differs from that of animal ADARs
When analyzed for the flanking sequences of the edited As, the ¡1 position has a strong preference for U in both F. graminearum 13 and F. verticillioides (Fig. 1A) . In animals, such a strong preference for U at the ¡1 position was not observed. 21 Fungal editing sites also have a preference for A or G at the C1 and C3 positions (Fig. 1A) , which is also different from what has been observed in animals. 21 The enrichment for U at ¡1 and A or G at C1 positions may be directly responsible for the high editing frequency of the UAG and UAA stop codons in F. graminearum. 13 Therefore, fungal adenosine deaminases likely differ from animal ADARs in sequence preference for A-to-I RNA editing.
In animals, RNA structure is known to affect editing specificity and As in RNA stems (dsRNA) are preferentially targeted by ADARs for editing. 22 In contrast, RNA editing preferentially targets As in hairpin loops (Fig. 1B) and the stability of hairpin loops affects editing efficiency in F. graminearum. 13 Because all the sequenced fungal genomes lack orthologs of animal ADAR genes, preferential editing of As in hairpin loops suggest that A-to-I RNA editing in fungi likely involves novel mechanisms related to editing of tRNA in the anticodon loop by Adenosine Deaminases Acting on tRNA (ADAT) enzymes. Like other filamentous fungi, F. graminearum has 3 ADAT genes orthologous to yeast TAD1, TAD2, and TAD3. 23, 24 Target deletion of FgTAD1 had no obvious effects on A-to-I RNA editing in F. graminearum. 13 However, deletion of FgTAD2 or FgTAD2 may be lethal, similar to what was reported in yeast. 24 Because none of the ADATs and other putative adenosine deaminase genes were specifically expressed in perithecia, A-to-I editing in fungi is likely catalyzed by fungal adenosine deaminases together with their stage-specific co-factors during sexual reproduction. However, the intracellular compartmentalization of ADAR1 and ADAR2 is known to regulate the editing of their substrates in humans. 25, 26 In fungi, it is also possible that sexual stage-specific RNA editing is regulated by the intracellular compartmentalization of fungal adenosine deaminases in perithecia.
Could A-to-I RNA editing occur in other developmental or infection stages?
In both F. graminearum and N. crassa, RNA editing was found in RNA-seq data of perithecia but not in RNA-seq data of conidia and hyphae. Preliminary analysis with public available RNA-seq data of F. graminearum showed that RNA editing was not detected in infected plant tissues. We also failed to identify A-to-I RNA editing during plant infection in publically available RNA-seq data of Colletotrichum graminicola (ERP011838), Sclerotinia sclerotiorum (SRP056176), Valsa mali (SRP034726), and Magnaporthe oryzae (DRP000568). However, there are only limited fungal reads in RNA-seq data of infected plant tissues of these 4 important plant pathogenic fungi. Therefore, it remains possible that missense editing of effector proteins in pathogenic fungi will provide sequence diversity to overcome host immunity, particularly in pathogens like Pneumocystis jirovecii, the causal agent of human Pneumocystis pneumonia that reproduces sexually in host tissues. 27 Sexual reproduction also is co-regulated with pathogenesis in a number of plant pathogenic fungi, such as Ustilago maydis and Taphrina deformans. 28,29 Furthermore, it is also possible that RNA editing occurs in other fungal differentiation or developmental stages, such as sclerotium formation and differentiation of specific fungal penetration or survival structures.
RNA editing and other sexual stage-specific genetic or epigenetic phenomena Like RNA editing, RIP (repeat induced point mutation), MSUD (meiotic silencing by unpaired DNA), and spore killer are genetic and epigenetic phenomena that specifically occur during sexual reproduction in Neurospora, Fusarium, and other filamentous fungi. [30] [31] [32] [33] [34] RIP is a genome defense mechanism that occurs premeiotically (Fig. 2) to introduce point mutations to repetitive sequences. 35 RIPped sequences are often heavily methylated in sexual progeny and the putative cytosine methyltransferase gene rid is essential for RIP in N. crassa. 30 In F. graminearum, the rid ortholog has the UA 644 G premature stop codon that requires stage-specific editing to encode a fulllength functional protein during sexual reproduction (Fig. 3A) . The corresponding stop codon (UA 590 G) was also found in the rid ortholog in F. verticillioides (Fig. 3B) . The editing level for this editing site is over 60% in both F. graminearum and F. verticillioides. The rid orthologs in many Fusarium and other Nectriaceae species have the same stop codon in the CDS that requires A-to-I editing to encode the full-length protein (Fig. 3B) . Therefore, RNA editing may be essential for RIP in F. graminearum, F. verticillioides, and other Nectriaceae species.
MSUD is an epigenetic phenomenon that was first discovered in N. crassa but it also occurs in F. graminearum to silence unpaired genes during meiosis (Fig. 2) . 32, 36 A number of genes required for MSUD have been identified in N. crassa, 37 including sad-1 to sad-6, sms-2, sms-3, and qip. Interestingly, multiple A-to-I editing events occurred in the F. graminearum orthologs of sad-3, sad-6, sms-2, sms-3, and qip (Fig. 4) . It is likely that MSUD, similar to RIP, is functionally related to RNA editing in F. graminearum. Therefore, characterization of their relationships during sexual reproduction is important to better understand these stage-specific genetic and epigenetic phenomena in N. crassa and other fungi. RNA editing may play a role in regulating stage-specific functions of RIP and MSUD.
In summary, genome-wide A-to-I RNA editing occurs specifically during sexual reproduction in F. graminearum, F. verticillioides, N. crassa and probable other filamentous fungi. Fungi differ from animals in the sequence-preference and structureselectivity of A-to-I editing sites. As a model organism, N. crassa will be a great system to study stage-specificity of RNA editing and biological consequences or functions of various RNA editing events in general. It has been suggested that Figure 4 . Missense RNA editing events in MSUD-related genes in F. graminearum. Missense editing events in the F. graminearum orthologs of N. crassa sms-2, sms-3, sad-3, sad-6, and qip are marked with red bars and labeled underneath for amino acid changes. The height of red bars is proportional to the editing level of individual sites, ranging from 3.6% to 98.1%.
ADARs in animals may evolve from the combination of ADAT-like enzymes with RNA-binding proteins. 1, 2, 38 Identification and functional characterization of fungal adenosine deaminases will be useful to understand the evolution of human ADARs. It is also important to determine the functional relationship between RNA editing and other genetic or epigenetic phenomena during sexual reproduction in filamentous fungi and whether RNA editing occurs in other developmental or infection stages.
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